The role of the hippocampus in pavlovian fear conditioning is controversial. Although lesion and pharmacological inactivation studies have suggested a key role for the dorsal hippocampus in contextual fear conditioning, the involvement of the ventral part is still uncertain. Likewise, the debate is open with regard to the putative implication of each hippocampal subdivision in fear conditioning to a discrete conditioned stimulus. We explored the potential existence of dissociations occurring in the dorsal versus ventral hippocampus at the cellular level while dealing with either contextual or cued fear conditioning and focused in a molecular "signature" linked to structural plasticity, the polysialylated form of the neural cell adhesion molecule (PSA-NCAM). We found an upregulation of PSA-NCAM expression in the dorsal (but not ventral) dentate gyrus at 24 h after contextual (but not tone) fear conditioning. Specific removal of PSA through microinfusion of the enzyme endoneuraminidase-N in the dorsal (but not ventral) hippocampus reduced freezing responses to the conditioned context. Therefore, we present evidence for a specific role of PSA-NCAM in the dorsal hippocampus in the plasticity processes occurring during consolidation of the context representation after "standard" contextual fear conditioning. Interestingly, we also found that exposing animals just to the context induced an activation of PSA-NCAM in both dorsal and ventral dentate gyrus. Altogether, these findings highlighting the distinctive occurrence of these neuroplastic processes in the dorsal hippocampus during the standard contextual fear-conditioning task enlighten the ongoing debate about the involvement of these hippocampal subdivisions in pavlovian fear conditioning.
Introduction
Classical or pavlovian fear conditioning is a form of associative learning that presents attractive features to investigate the neural mechanisms of memory formation. In rodents, fearconditioning studies classically consist of the pairing of a conditioned stimulus (CS) with an aversive unconditioned stimulus (US; generally footshock), which induces conditioned fear responses (generally freezing). Different neural mechanisms seem to be involved depending on whether the CS is a relatively simple stimulus, such as a tone (unimodal), or the context (multimodal) in which the US is delivered. Lesion experiments suggested that the amygdala is necessary for both types of conditioning, whereas the hippocampus is only required for contextual conditioning (Selden et al., 1991; Kim and Fanselow, 1992; Phillips and LeDoux, 1992) .
However, the role of the hippocampus in fear conditioning is still a matter of debate. First, although there is general consensus that the hippocampus is not critically involved in the acquisition of cued fear conditioning (Phillips and LeDoux, 1992; Maren et al., 1997; Anagnostaras et al., 2001) , some lesion (Richmond et al., 1999; Maren and Holt, 2004) and pharmacological interference (Bast et al., 2001 ) studies suggest a potential role. Second, whereas the involvement of the dorsal part of the hippocampus in contextual fear conditioning (CFC) is widely recognized (Sutherland and Rudy, 1989; LeDoux, 1992, 1994; Young et al., 1994; Maren et al., 1997; O'Reilly and Rudy, 2001; Rudy et al., 2002) , the involvement of the ventral part remains highly controversial (Anagnostaras et Our study aimed to provide insights into the potential re-gional (dorsal vs ventral) dissociations occurring in the hippocampus [with a particular focus in the dentate gyrus, which has been shown to be critical for the formation and retrieval of contextual fear memories (Lee and Kesner, 2004) ] at the cellular level while dealing with either cued or contextual fear conditioning. For this purpose, we selected a molecular "signature" linked to hippocampal structural plasticity, the polysialylated form of the neural cell adhesion molecule (PSA-NCAM) (Bonfanti, 2006) . PSA posttranslationally added to NCAM regulates NCAM interactions (Weinhold et al., 2005) , decreasing cell adhesion and promoting structural remodeling (Rutishauser and Landmesser, 1996; Kiss and Rougon, 1997; Bonfanti, 2006) . In addition to its functions on brain development, PSA-NCAM has been implicated in activity-dependent synaptic plasticity and memory function in adulthood (Murphy and Regan, 1998; Kiss and Muller, 2001; Dityatev and Schachner, 2003) . A role for PSA-NCAM in fear conditioning has been suggested from studies on genetically modified mice (Angata et al., 2004; Senkov et al., 2006) ; nevertheless, permanent defects occurring in such models might obscure the dynamic function exerted by PSA-NCAM under normal conditions. Here, we asked (1) whether PSA-NCAM would be differentially modulated in the dorsal and ventral hippocampal dentate gyrus (DG) after either contextual or tone fearconditioning protocols; and (2) whether a loss of function of PSA obtained by enzymatic cleavage would affect the formation of fear memories for each fear learning modality.
Materials and Methods

Animals
Male Wistar rats [Complutense School of Medicine (Madrid, Spain) and Charles River Laboratories (Lyon, France)] weighing ϳ250 -350 g at the beginning of the experiments were housed in groups of three per cage, under light (12 h light/dark cycle; lights on at 7:00 A.M.) and temperature (22 Ϯ 2°C) controlled conditions. Food and water were available ad libitum. All animals were handled for 2 min/d during the 3 d preceding the first behavioral test. Animal care procedures were conducted in accordance with the guidelines set by the European Community Council Directives (86/609/EEC) and the Cantonal Veterinary Authorities (Vaud, Switzerland).
Fear conditioning
Training and testing took place in a rodent observation cage (30 ϫ 37 ϫ 25 cm) that was placed in a sound-attenuating chamber. The side walls of the observation cage were constructed of stainless steel, and the door was constructed of Plexiglas. The floor consisted of 20 steel rods through which a scrambled shock from a shock generator (Panlab, Barcelona, Spain) could be delivered. Each observation cage was cleaned with a 0.1% acetic acid solution before and after each session. Ventilation fans provided a background noise of 68 dB, and a 20 W white lightbulb illuminated the chamber. On the conditioning/training day, each rat was transported from the colony room to the behavioral laboratory (situated in adjacent rooms) and placed in the conditioning chamber. In the CFC version, after 3 min of exposure to the cage, rats received three 1 s footshocks (0.4 or 1 mA intensity) with an intertrial interval of 60 s. In the auditory-cued (tone) fear-conditioning (TFC) version, the same protocol of shock delivery was followed, with the exception that a 20 s presentation of a tone (85 dB sound at 1000 Hz) preceded each footshock. Rats were removed from the conditioning chamber 30 s after the final shock presentation and returned to their home cages. Therefore, the conditioning session lasted 5.5 min.
Testing was performed at different times [i.e., 30 min and 24 h after training in experiments involving PSA-NCAM quantification by immunohistochemistry and 48 h after training in experiments involving enzymatic cleavage of PSA with endoneuraminidase-N (endo-N)]. In the CFC version, rats were placed back into the original training context for 8 min, during which no footshock was delivered. In the TFC version, animals were placed into a novel context (same cages, but with different walls, floor, and background odor), and, after a 3 min baseline period, they were continuously reexposed to the tone (same characteristics as at conditioning) for 5 min, but in the absence of shocks.
In addition, two experiments were performed to study the separate impact of "shock" and "context" on PSA-NCAM expression in the DG. To evaluate the effect of the shock and minimize context exposure ("immediate shock" condition), rats were given one 2 s footshock (1 mA) immediately after being introduced in the novel context and quickly removed and returned to their home cage. To assess for the impact of the context ("context exposure" condition), rats were allowed to explore the novel context for 5.5 min without receiving any additional stimulation.
The animals' behavior was video recorded and later scored by an observer blind to the treatment condition. Using a time-sampling procedure every 2 s, each rat was scored blindly as either freezing or active at the instant the sample was taken. Freezing was defined as behavioral immobility except for movement needed for respiration. All experiments were conducted between 8:30 A.M. and 14:00 P.M. to avoid the influence of circadian hormonal fluctuations.
Surgery
Experiments to study the functional implications of PSA-NCAM by enzymatic removal involved surgery and cannulation. At least 1 week after arrival, rats subjected to pharmacological experiments were implanted with stainless steel guide cannulas aimed at the dorsal or ventral hippocampus. They were anesthetized with an isoflurane vaporizer (VIP 3000; MDS Matrix, Bern, Switzerland) and mounted in a stereotaxic apparatus. The scalp was incised and retracted, and the head was positioned to place bregma and lambda in the same horizontal plane. Small holes were drilled through the skull for bilateral placement of a stainless double 22 gauge Teflon guide cannula (Plastic One, Roanoke, VA) fitted with a removable dummy cannula, above either the dorsal (3.8 mm posterior, 2.5 mm lateral, and 2.4 mm deep relative to bregma) or the ventral (5.20 mm posterior, 4.5 mm lateral, and 6 mm deep) hippocampus. The coordinates were based on the atlas of Paxinos and Watson (1986) . The cannula was fixed to the skull with two anchoring screws and dental acrylic (Duralay 2244; Reliance, Worth, IL). Once operated, animals were housed individually and left to recover for at least 5 d before any behavioral test.
Endo-N injection procedures
To eliminate PSA-NCAM, the highly specific PSA-glycosidase termed endo-N was used. The dummy cannulas were removed from the guide cannulas and replaced with injection cannulas (Plastic One) attached to 100 l Hamilton syringes via polyurethane tubing (fluorinated ethylene propylene; 0.12 mm diameter CMA; Microdialysis AB, Stockholm, Sweden). The syringes were mounted onto an infusion pump (Harvard Apparatus, Cambridge, MA). A flexible swivel attached to the rat allowed the enzyme to be administered while the animal was conscious and moving ad libitum in a cage. For endo-N or vehicle infusions, injectors were inserted so that they extended 1 mm below the guide cannulas. One day before training in contextual or auditory-cued fear-conditioning, rats were injected with either endo-N (0.7 U/hemisphere; Abcys, Paris, France) or vehicle [artificial CSF (aCSF)] at 0.5 l/min for 2 min. The injection cannulas were left in place for an additional 2 min to prevent back-leakage of the solutions. Moreover, an additional experiment was performed involving either vehicle or endo-N injections immediately after training rats in the contextual fear-conditioning version. Finally, to test for the specificity of the effects observed with endo-N injections, an additional experiment involved the administration of heat-inactivated endo-N (0.7 U/hemisphere; same infusion conditions as above) into the dorsal hippocampus. This procedure is frequently and successfully used in the literature to account for the specificity of endo-N effects (Rutishauser et al., 1988; Daston et al., 1996; Lenka et al., 2002; Burgess and Aubert, 2006) .
Control for cannula placement and cannula diffusion
At the end of all infusion experiments, rats were anesthetized with an overdose of pentobarbital (120 mg/kg). Then, a cresyl violet solution was administered in the same way as the endo-N and the control solutions to verify the cannula placement and endo-N efficacy. After decapitation, the brains were removed and examined for the presence of cresyl violet in the hippocampus. Only the rats with correct cannula implantation were included in the analysis. In a previous immunohistochemical study, we observed that, under our experimental conditions, endo-N diffusion was still evident 96 h after injection, showing an effectiveness of ϳ90%. Only one of eight injected brains showed an inaccurate diffusion.
BrdU injections
Rats of the first experiment were treated 1 week before exposure to either contextual or tone fear conditioning with 5-bromo-2-deoxyuridine (BrdU; 200 mg/kg, i.p.) dissolved in a phosphate buffer (0.1 M, pH 8.4), following a procedure published previously (Gould et al., 1999) .
Immunohistochemistry
In experiments designed to evaluate the modulation of hippocampal PSA-NCAM by fear conditioning, rats were perfused immediately after the testing session. In the experiment designed to evaluate the impact of the testing session, a group of animals ("only testing" condition) were perfused 24 h after training in the fear-conditioning task. In the experiments evaluating the impact of either the shock or the context separately, the animals were also perfused 24 h after exposure to these stimuli. For perfusion, rats were first deeply anesthetized (120 mg/kg pentobarbital) and then transcardially perfused with 200 ml of PBS, pH 7.3, containing heparin (5 ϫ 10 4 U/ml), followed by 300 ml of 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.3. Brains were postfixed at least for 48 h in picric acid-formaldehyde. Then, 50 m frontal sections were cut on a vibratome (VT 1000S; Leica, Glattbrugg, Switzerland). Free-floating sections were processed according to a standard immunohistochemical procedure (Lemaire et al., 2006) . One in 10 sections was treated for PSA-NCAM immunoreactivity (PSA-NCAM-IR) using a mouse anti-Men B monoclonal antibody [1:4000 (Rougon et al., 1986) ]. For BrdU labeling, adjacent sections were treated with 2 N HCl (30 min at 37°C) and then rinsed in borate buffer during 5 min (0.1 M; pH 8.4). They were incubated with a mouse monoclonal anti-BrdU antibody (1:200; Dako, High Wycombe, UK). Sections were processed in parallel, and immunoreactivities were visualized by the biotin-streptavidin technique (ABC kit; Dako) using 3,3Ј-diaminobenzidine as chromogen.
Stereological analysis
The total number of PSA-NCAM-IR cells in the subgranular and granule cell layers (gcls) of the DG was estimated using a modified version of the optical fractionator method on a systematic random sampling of every tenth section along the rostrocaudal axis of the hippocampal formation (HF) (Lemaire et al., 2006) . Cell quantification was performed in the left hemisphere, apart from one experiment (see description in Results) in which the evaluation was done in both hemispheres.
Histological characterization of the effectiveness of endo-N injections
Four days after injection of endo-N, PSA immunoreactivity was evaluated in eight animals, using 50 m coronal sections of the brain of adult rat, covering the rostrocaudal extension of the hippocampal formation, from the very rostral edge of the hippocampus to ϳ4 -5 mm caudally. Enzyme diffusion in the dorsal DG, CA1, and CA3 regions were manually traced, and the percentage of the area lacking PSA immunoreactivity in the dorsal hippocampus was quantified using image analysis software (Leica QWin).
Behavioral characterization of locomotion and unconditioned fear
In an experiment, we evaluated the potential effects of dorsal hippocampal endo-N infusions in behavioral responses (such as locomotion/exploration, unconditioned fear, or stress reactivity) that could confound its effectiveness in the fear-conditioning paradigms. Vehicle-and endo-N-infused animals were, thus, tested for their behavior in the open field and startle response at 48 and 72 h, respectively, after injections.
Open field. Emotional responses and locomotor reactivity of rats to a novel environment were assessed in the open field test, which consists of placing the animals in a circular arena (1.50 m diameter; 32 cm height). For analysis, the floor was divided into two virtual concentric parts, with the inner zone considered as the middle of the arena (1 m diameter) and an outer zone made up of the remaining area along the sidewalls. The animals were placed in the center of the arena at the start of the test, and their behavior was monitored for 10 min using a video camera mounted on the ceiling above the center of the arena. A computerized tracking system (Ethovision 3.1.16; Noldus IT, Wageningen, The Netherlands) recorded the amount of time spent in each zone, the total locomotion, and the number of times they crossed between inner and outer zones. The behavioral analysis included the following attributes: (1) time spent rearing; (2) time spent grooming; (3) time spent frozen; and (4) number of defecations. All of these variables were studied to investigate whether endo-N microinjections affect locomotor activity and anxiety behavior.
Startle response. Acoustic startle response was measured in an SR-Lab Startle Reflex System (San Diego Instruments, San Diego, CA). Within the system's sound-proof chamber, rats were placed in a Plexiglas cylinder (9 cm diameter), large enough to hold the animals with minimal restraint enclosure, that was fixed on a motion-sensitive platform. The platform sits on a base, under which is a piezoelectric accelerometer, which detects whole-body startle responses. Signals from the accelerometer were rectified, digitized, and stored on computer by the SR-Lab program (San Diego Instruments). Chambers were calibrated each day and matched for sound intensity. The white background noise was adjusted to a constant 70 dB. After a 5 min acclimatization period, two blocks of 10 randomly startle-only trials (115 dB; 40 ms) were presented.
Statistical analysis
The behavioral data regarding the time each rat spent freezing was transformed to a percentage freezing per minute in each session and then, for statistical tests and figure representation, percentage freezing per minute was averaged for all minutes in each session belonging to the same category (i.e., preshock or postshock freezing during the conditioning sessions; and freezing to the 8 min context test or freezing to the 5 min tone test during the respective testing sessions). All results were expressed as mean Ϯ SEM and analyzed by ANOVA or Student's t test, as appropriate. Differences in PSA-NCAM-IR between different training and pharmacological conditions were further evaluated for significance with post hoc Tukey's or Student's t tests when appropriate. In all cases, significance of results was accepted at p Յ 0.05.
Results
Contextual, but not tone, fear conditioning increases PSA-NCAM expression in the DG 24 h after training Animals were trained in either contextual or tone fearconditioning protocols (at 0.4 or 1 mA) and then tested for their respective modality-specific fear memories at either 30 min or 24 h later (n ϭ 12 rats per group for each shock intensity, testing session, and conditioning modality, as well as for an additional naive control group). Animals trained at 1 mA, in either the contextual (Fig. 1 A) or the tone (Fig. 1 B) fear-conditioning protocol, always showed higher freezing levels than those trained at 0.4 mA, both during the postshock period at training (all p Ͻ 0.05) and at any of the testing times (all p Ͻ 0.05).
Immediately after the testing session (30 min or 24 h), animals were perfused for the anatomical study. Immunohistochemistry revealed a discrete group of PSA-NCAM neurons that were localized in the innermost portion of the gcl at the interface of the hilus (Figs. 1C,D) . These cells displayed the characteristic morphology of granule neurons, with their dendrites extending through the granule cell layer into the molecular layer and their axons, the mossy fibers, projecting onto the CA3 subfield of the hippocampus. As shown in Figure 1 E, there was an effect of CFC in the number of PSA-NCAM-IR cells (F (4,46) ϭ 4.767; p ϭ 0.003). Compared with controls, animals trained in the CFC modality showed an increased number of PSA-NCAM-IR cells in the DG 24 h (F (2,25) ϭ 5.136; p ϭ 0.014) but not 30 min [F (2,32) ϭ 0.258; not significant (n.s.)] after training. The increase observed at 24 h, particularly prominent in the 1 mA-trained group, was significant for either shock condition (0.4 mA, p ϭ 0.05; 1 mA, p Ͻ 0.005). However, training in the TFC modality, at any of the shock conditions, failed to induce changes in DG PSA-NCAM expression as evaluated at both 30 min and 24 h after training (F (4,46) ϭ 1.823; n.s.) (Fig. 1 F) .
It is important to note that freezing values to the conditioned context differ between animals trained in the CFC and TFC modalities. Substantial evidence from our laboratory indicates that whereas training rats in the CFC protocol at 1 mA leads to ϳ90 Ϯ 10% (and 0.4 mA to ϳ70 Ϯ 10%) freezing during the context memory test, training in the auditory fear conditioning at 1 mA typically leads to much lower freezing values when animals are reexposed to the conditioning context [i.e., ϳ25 Ϯ 5% (and ϳ18 Ϯ 5%) freezing (Cordero et al., 1998 (Cordero et al., , 2002 Markram et al., 2007b) ].
Effects on the survival of recently generated cells Because PSA-NCAM has been associated with hippocampal neurogenesis, we verified whether the above increase in PSA-NCAM expression was associated with an increase in cell genesis. Animals were injected with BrdU 1 week before testing. This time schedule was chosen because (1) it has been shown that newborn cells in the adult DG express PSA-NCAM ϳ1 week after being born (Seki and Arai, 1993) ; and (2) it was previously shown that training rats in another pavlovian conditioning task prevented the survival of cells generated 1 week before testing (Gould et al., 1999) . The newly born BrdU-labeled cells were isolated, round, and large and were residing either in the subgranular zone or in the gcl (data not shown). We found that the total number of BrdUlabeled cells was not influenced by training in the contextual or the auditory version of the fear conditioning, at any of the shock conditions (n.s.; data not shown).
Immediate shock exposure failed to affect PSA-NCAM expression 24 h afterward, but context exposure increased PSA-NCAM levels both in dorsal and ventral DG Increased PSA-NCAM levels observed after CFC might be argued to be induced by the shock, the context exploration, or the conjunction of both (i.e., the latter related to experiencing the shock in a particular context and, therefore, putative to CFC). Identifying the key element(s) involved in the observed effect is relevant because a rat shocked immediately after being introduced into a new context and removed rapidly afterward (immediate shock condition) does not develop fear for that context (Fanselow, 2000) . However, if it was preexposed to the context on the previous day, the immediate shock results in significant contextual fear conditioning (Fanselow, 2000; Rudy and O'Reilly, 2001) . This is termed "context preexposure facilitation effect" (CPFE) and has been interpreted as a lack of time in the immediate shock condition to encode a representation of the context before immediate shock. Thus, context preexposure facilitates the amount of conditioning produced by immediate shock through the association of the retrieved memory representation to the immediate shock Rudy et al., 2002) . This implies that any putative mechanism related to CFC should not be elicited by the immediate shock condition. It also suggests that mechanisms involved in CFC might be already triggered by the mere exposure to the context. To assess these possibilities, we performed two experiments in which PSA-NCAM levels in control animals were compared with those displayed by animals that either were exposed to shock with minimal context exposure (immediate shock condition) or were just allowed to explore the new context (context exposure condition).
As shown in Figure 2 A, immediate shock delivery (one 2 s, 1 mA footshock) with a minimal context exposure did not alter PSA-NCAM levels in the total DG (t (8) ϭ 0.80; n.s.), the dorsal part (t (8) ϭ 0.371; n.s.), or the ventral part (t (8) ϭ 1.238; n.s.), compared with controls. As to the impact of context exploration (without shock), context exposure resulted in increased levels of PSA-NCAM expression both in the dorsal (t (14) ϭ 3.680; p ϭ 0.002) and ventral (t (14) ϭ 3.715; p ϭ 0.002) parts of the DG, an effect which was also apparent on total DG expression (t (14) ϭ 3.981; p ϭ 0.001) (Fig. 2 B) . 
The increase in PSA-NCAM expression observed 24 h after contextual fear conditioning is induced by training, not by the 24 h retrieval test
Because our first experiment evaluated PSA-NCAM expression in animals that were both submitted to fear conditioning and tested for their retrieval levels 24 h later (just before perfusion for immunohistochemistry), it was not possible to dissociate between the potential effects induced by each of these behavioral sessions. We therefore designed an experiment to specifically address this question, by including groups trained in the CFC (1 mA) that were then either tested 24 h later followed by perfusion ("Test 24 h"; n ϭ 11) or left undisturbed from training until perfusion 24 h later ("Only training"; n ϭ 12). For comparison, we also followed the same experimental design in animals trained in the TFC protocol (1 mA) and included a control group consisting of naive animals (n ϭ 12). As shown in Figure 3 (left), CFC induced an increase in PSA-NCAM expression in the DG when evaluated 24 h after training (F (2,26) ϭ 3.621; p ϭ 0.041) that was independent of the retrieval session given just before perfusion, because this increase was evident in both groups Test 24 h ( p Ͻ 0.05) and Only training ( p Ͻ 0.05) when compared with controls. This result indicates that PSA-NCAM increase observed 24 h after training is related to the contextual conditioning experience at training. In addition, we confirmed a lack of effect of TFC on dentate PSA-NCAM expression (F (2,27) ϭ 0.598; n.s.), because none of the experimental groups, either just trained or trained and tested 24 h later, display significant changes (Fig. 3, right) .
The dorsal, but not the ventral, hippocampal DG shows increased PSA-NCAM expression after contextual fear conditioning We next addressed whether the observed increase of PSA-NCAM expression in the dorsal hippocampus after contextual training (1 mA) is specifically circumscribed to a particular hippocampal subdivision (i.e., dorsal vs ventral). For comparison, we also evaluated the expression of PSA-NCAM in the dorsal and ventral dentate subdivisions in animals submitted to TFC (1 mA). Such study was performed in the sections of the experiment just reported above (i.e., corresponding to results presented in Fig. 3) . Moreover, because lateralization in the mechanisms involved in context-aversive memories has been described (Desmedt et al., 2003) , we also assessed PSA-NCAM expression in the DG separately for each hemisphere. Because no interhemispheric differences were observed in any of the conditions examined (data not shown), for the sake of clarity and to allow comparison with other experiments, we present here the results corresponding to the left DG.
When analyzed 24 h after training, the increase in PSA-NCAM expression induced by CFC is observed at the level of the dorsal DG (Fig. 4 A, left) (F (2,26) ϭ 8.802; p Ͻ 0.001; Test 24 h, p Ͻ 0.05; Only training, p Ͻ 0.05 vs controls), but no significant changes are apparent in the ventral part of the DG (Fig. 4B , left) (F (2,26) ϭ 1.339; n.s.). The increase in PSA-NCAM-IR in the dorsal DG was bilateral, with both trained groups showing higher expression than the naive group in the left and right subdivisions (data not shown; all p Ͻ 0.05). Again, none of the DG subdivisions [dorsal (Fig. 4 A, right) (F (2,27) ϭ 1.201; n.s.) or ventral (Fig. 4 B, left) (F (2,27) ϭ 1.333; n.s.)] showed significant changes in animals trained in the TFC paradigm.
Enzymatic removal of PSA-NCAM in the dorsal hippocampus impairs long-term memory for contextual, but not tone, fear conditioning
Then, we performed a series of experiments to evaluate the effect of pharmacologically removing PSA-NCAM on each of the fearconditioning modalities, by injecting bilaterally the PSA-specific glycosidase endo-N in either of the hippocampal subdivisions (Fig. 5) (n ϭ 5-9 per group). Infusions of endo-N given into the dorsal hippocampus 24 h before training did not affect immediate freezing responses whatever the shock intensities delivered (0.4 or 1 mA) during conditioning in either the contextual (all n.s.) (Fig. 5A) or the tone (all n.s.) (Fig. 5B) modality. When retention was tested 48 h after conditioning, although no effect of the treatment was observed for TFC at any of the shock intensities [0.4 mA, t (15) ϭ 1.141; n.s. (Fig. 5C ); 1 mA, t (16) ϭ 0.742; n.s. (Fig.  5D) ], endo-N injections significantly reduced freezing responses in the CFC paradigm at both 0.4 mA (Fig. 5A ) (t (17) ϭ 2.360; p ϭ 0.031) and 1 mA (Fig. 5B ) (t (10) ϭ 2.243; p ϭ 0.049). As represented in Figure 5E , dorsal hippocampus endo-N injections effectively eliminated PSA-NCAM immunoreactivity on the fourth day after injection in an area around the infusion site covering the rostrocaudal extension of the hippocampus, from the very rostral Training increases the number of PSA-NCAM-labeled cells in the dentate gyrus 24 h after contextual fear conditioning. Left, Quantitative analysis of polysialylated cell number in the DG of two independent groups of animals, both of them trained in the contextual fear conditioning (1 mA), but one of them also tested 24 h later (Training ϩ Test 24 h) and the other left undisturbed after training (Only training). Both groups of animals were perfused 24 h after training. Right, The same experimental protocol was followed to check independently the effects of training and retrieval in the tone fear-conditioning protocol on the number of hippocampal PSA-NCAM-labeled cells. Data represent mean Ϯ SEM. Thickest horizontal discontinuous line represents mean values of the naive group, and thinner ones represent SEM values of this group. *p Ͻ 0.05 versus naive.
edge of the hippocampus until ϳ4 -5 mm caudally. PSA removal was confined to the dorsal portion of the HF without affecting the ventral edge. Diffusion of the enzyme on the cortex just above the dorsal hippocampus was constantly found in the area around cannula placement, a feature reported for endo-N injections (Becker et al., 1996) . Semiquantitative estimation of the extension of endo-N diffusion indicated that PSA cleavage in the dorsal hippocampus always included the whole DG and CA1 regions and ϳ73% of the CA3 region. Figure 5F shows PSA-NCAM immunoreactivity in a representative endo-N-treated animal, and Figure 5G shows a vehicle-injected control.
On the contrary, infusions of endo-N into the ventral hippocampus did not affect behavior in any of the fear-conditioning modalities (1 mA shock), as indicated by similar freezing levels in both vehicle-injected and endo-N-injected rats at both training and testing in both contextual [training, vehicle ϭ 74.3 Ϯ 5.0; endo-N ϭ 74.0 Ϯ 8.6; retention test, vehicle ϭ 79.8 Ϯ 2.5; endo-N ϭ 80.0 Ϯ 3.3; n.s] and tone [training, vehicle ϭ 84.2 Ϯ 2.8; endo-N ϭ 84.7 Ϯ 3.1; retention test, vehicle ϭ 87.3 Ϯ 1.9; endo-N ϭ 83.4 Ϯ 1.6; n.s] fear conditioning.
We then tested for the specificity of endo-N effects on contextual fear conditioning (1 mA) by heat inactivating the enzyme and subsequently administering it into the dorsal hippocampus. Freezing levels of animals infused with inactivated endo-N (n ϭ 9) were equivalent to those of vehicle-infused rats (n ϭ 6), both at training (vehicle ϭ 68.6 Ϯ 3.6; inactivated endo-N ϭ 64.6 Ϯ 3.8; n.s.) and at the 48 h retention test (vehicle ϭ 65.2 Ϯ 2.6; inactivated endo-N ϭ 64.3 Ϯ 2.8; n.s.). After the experiment, all animals were perfused, and PSA-NCAM expression levels in the rostrocaudal extension of the DG were analyzed. No differences were found between vehicle and endo-N-infused rats in the expression levels of PSA-NCAM-IR cells, neither in dorsal nor in ventral or total hippocampus (data not shown).
Moreover, cleavage of hippocampal PSA-NCAM by posttraining injections of endo-N given immediately after CFC failed to affect subsequent freezing responses to context [retention test, vehicle ϭ 74.6 Ϯ 9.3; endo-N ϭ 77.7 Ϯ 7.3; n.s].
Enzymatic removal of PSA-NCAM in the dorsal hippocampus does not affect locomotion or unconditioned emotional behavior Finally, given that endo-N injections into the dorsal hippocampus reduced conditioned fear responses in the contextual paradigm, we designed an experiment to test whether they could affect nonspecific behavioral responses. Endo-N-injected animals showed locomotion and unconditioned fear/anxiety levels similar to those of vehicle-treated rats (Fig. 6) , as indicated by their similar (1) percentage time spent in the center (t (16) ϭ 1.071; n.s.) (Fig. 6 A, left) and total distance traveled (t (16) ϭ 0.313; n.s.) (Fig. 6 B, right) in the open field, evaluated 48 h after injection; and (2) amplitude of startle responses to acoustic stimuli, evaluated 72 h after injection (session 1, t (16) ϭ 0.902, n.s.; session 2, t (16) ϭ 0.132, n.s.) (Fig. 6 B) . Other behaviors scored in the open field, such as rearing, grooming, and freezing, as well as number of defecations, were also not altered by endo-N treatment (data not shown).
Discussion
Here, we present evidence for a specific involvement of PSA-NCAM in the dorsal hippocampus in CFC. We report an upregulation of PSA-NCAM expression in the dorsal (but not ventral) DG 24 h (but not 30 min) after contextual (but not tone) fear conditioning. Microinfusion of the enzyme endo-N resulting in specific removal of PSA in the dorsal (but not ventral) hippocampus induced a marked reduction on freezing responses to the conditioned context. Although several of the PSA-labeled neurons observed at the granule cell layer of the adult DG are recently generated (Seki and Arai, 1993) , the reported increase in PSA-NCAM-IR cells after CFC is mainly attributable to increased PSA expression in preexisting granule neurons, and not to neurogenesis, in agreement with Pham et al. (2005) .
By combining behavior, immunohistochemistry, and a paradigm for PSA loss of function, we present several lines of evidence linking the specific upregulation of PSA-NCAM-IR cells observed in the dorsal DG with the mechanisms involved in the consolidation of the contextual fear memory: (1) The magnitude of PSA-NCAM increase in dorsal hippocampus was higher under the experimental conditions leading to the strongest memory. phy Foley et al., 2003a,b) . This timing is coherent with the role of PSA-NCAM in activity-induced synaptogenesis (Theodosis et al., 1999; Dityatev et al., 2004) and the time dynamics of synaptic changes that transiently occur in the DG during late stages of consolidation in other shock-related contextual tasks (O'Connell et al., 1997; O'Malley et al., 1998) . (3) The increase was directly related to training and was not a mere activation induced by testing animals for retrieval. (4) The possibility that this effect was caused by stressrelated nonspecific effects, such as shock exposure, was discarded, because rats submitted to the immediate shock or to TFC failed to show changes in PSA-NCAM. (5) On the contrary, exposing animals just to the context (context exposure condition) induced an activation of PSA-NCAM in the dorsal DG (but also in the ventral DG; see discussion below), which supports a role of this neuroplastic mechanism in the DG in context representation. (6) Notably, enzymatic removal of PSA in the dorsal hippocampus by the highly PSA-specific glycosidase endo-N specifically inhibited contextual fear memory. Although injections were given 24 h pretraining [note that PSA cleavage takes ϳ1 d to occur and remains downregulated for up to 1-4 weeks (data not shown) (Kiss et al., 1994; Becker et al., 1996; Seki and Rutishauser, 1998; Theodosis et al., 1999) ], postshock freezing levels at training were not affected by endo-N infusions. Moreover, cleavage of PSA-NCAM by endo-N injections given after training did not affect subsequent retrieval, which again supports the implication of PSA-NCAM in mechanisms linked to memory consolidation and discards an effect of PSA cleavage purely on retrieval. Specificity of the effect of dorsal endo-N injections in contextual fear memory mechanisms is also supported by our results showing that the same treatment affected neither conditioned fear responses to the tone, nor locomotion, nor unconditioned emotional responses. Furthermore, specificity is confirmed by an additional experiment showing that the infusion of heat-inactivated endo-N into the dorsal hippocampus failed to mimic the impairing effects of endo-N in contextual fear conditioning, in parallel with its lack of effectiveness cleaving PSA.
Anatomically, the dorsal hippocampus is strategically placed to form a context representation, because it receives a major input of visuospatial information from association cortices and perirhinal and entorhinal areas (Moser and Moser, 1998) . Our findings indicating a specific functional implication of PSA-NCAM in the dorsal hippocampus in contextual conditioning are in agreement with lesion studies that critically implicate the dorsal hippocampus in the mnemonic processes of CFC (see Introduction) and highlight PSA-NCAM among the mediating mechanisms. This role for PSA-NCAM is supported by evidence showing that enzymatic removal of hippocampal PSA impaired activity-dependent synaptic plasticity (Becker et al., 1996; Muller et al., 1996; Eckhardt et al., 2000) and associated structural synaptic remodeling , as well as spatial memory (Becker et al., 1996; Venero et al., 2006) . It is also supported by studies showing that training-induced PSA upregulation in the DG is not observed in pseudotrained animals or in those rendered amnesic with scopolamine (Murphy et al., 1996) . PSA acts as a steric regulator of cell-cell surface apposition, reducing cell adhesion and allowing plasticity (Rutishauser and Landmesser, 1996) . Because memory consolidation is believed to require changes in gene transcription that are generally accompanied by synaptic remodeling (Martin et al., 2000) , the role of PSA-NCAM in learning is in most cases attributable to its permissive action in synaptic plasticity (including its roles in neuritogenesis, synaptogenesis, and neurogenesis) [for reviews, see Kiss and Muller (2001) and Bonfanti (2006) ]. Moreover, PSA-NCAM might also act by affecting signaling pathways involved in contextual learning. For example, recent evidence indicates that PSA-NCAM can interact with different molecules that play a role in learning, such as NMDA receptors (Hammond et al., 2006) , AMPA receptors (Vaithianathan et al., 2004) , and brain-derived neurotrophic factor (Vutskits et al., 2001) .
Because NMDA receptors in the dorsal hippocampus have been involved in the acquisition of contextual fear conditioning (Young et al., 1994; Bast et al., 2003) , a question that arises from our study is whether the observed upregulation of PSA-NCAM after contextual fear conditioning is dependent or independent of NMDA receptor activation. Available evidence about the ability of NMDA receptors to modulate PSA-NCAM expression does not present a clear pattern, with some studies indicating a positive (Bouzioukh et al., 2001a,b) , whereas others indicate a negative (Bouzioukh et al., 2001b; Nacher et al., 2002) , regulation of PSA expression by NMDA. Future studies will be performed to directly address this question (i.e., whether context-induced upregulation of PSA-NCAM depends on NMDA receptor activation or whether it occurs in parallel involving different pathways).
As for the ventral hippocampus, our results bring new information to the debate about the role of this hippocampal subdivision in CFC. One view questions the contribution the ventral hippocampus makes to memory for contextual fear based on the fact that ventral lesions affect unconditioned anxiety (Gray and McNaughton, 2000; Bannerman et al., 2004) , including unconditioned fear responses (Kjelstrup et al., 2002) . Because this subdivision displays close interconnections with the amygdala (Moser and Moser, 1998) , it has been considered a gateway that conveys contextual information between the dorsal hippocampus and the amygdala (Maren and Holt, 2004 ). An alternative view proposes that memory for a novel context is distributed throughout the longitudinal extent of the hippocampus, including the ventral part, and that this representation helps to support contextual fear memories . Interestingly, some of the critical evidence in support of each view has been obtained with different CFC paradigms [i.e., the former with the standard CFC (association of context and shock in the same session) and the latter with the so-called CPFE]. In CPFE, contextual fear memories are formed by combining context exposure with immediate shock given 24 h afterward. By itself, immediate shock does not lead to any contextual fear memory, whereas context exposure induces a context memory that stays at least for 24 h (Fanselow, 2000; Rudy and O'Reilly, 2001; Rudy et al., 2002; Rudy and Wright-Hardesty, 2005) . The fact that the standard CFC protocol leads to PSA-NCAM activation in the dorsal DG, whereas context exposure leads in addition to its activation in the ventral part, reinforces the view that CFC induced by the standard and the CPFE protocols involve different neurobiological mechanisms (Huff et al., 2005; Biedenkapp and Rudy, 2007) .
Given the plasticity-promoting properties of PSA-NCAM (Bonfanti, 2006) , it is tempting to speculate that the nature of operations performed by the ventral hippocampus during context exposure differ from those involved in the standard CFC protocol. Context exposure in the CPFE protocol leads to a stronger and more resistant representation of context (Biedenkapp and Rudy, 2007) . Accordingly, our results indicate that context representation in the CPFE might involve supplementary plasticity mechanisms in the ventral hippocampus. They are congruent with reports indicating that contextual memories are disrupted by inactivation of the ventral hippocampus in the CPFE paradigm but frequently not in the standard CFC task (Kjelstrup et al., 2002) . Importantly, the lack of involvement of PSA-NCAM in the ventral hippocampus in the standard CFC does not imply a lack of involvement of this hippocampal subdivision in this task; it only indicates that ventral hippocampal PSA-NCAM seems not to be required for this type of memory. This would fit with the general nonassociative operations proposed to occur in the ventral hippocampus during defensive behavior (Gray and McNaughton, 2000) . Moreover, given the connection of the ventral hippocampus with the amygdala, it is noteworthy that amygdaloid PSA-NCAM seems also not to play a functional role in fear conditioning (Senkov et al., 2006; Markram et al., 2007a,b) .
Except for a few reports suggesting a potential involvement of the hippocampus in TFC (Maren, 1999; Bast et al., 2001; Maren and Holt, 2004) , other studies suggested that it is not critically involved in this type of conditioning (Bast et al., 2003; Sanders et al., 2003) . Although TFC-trained animals also express conditioned fear of the context, this is both quantitatively and qualitatively different from that displayed by animals trained in the CFC version. In TFC, subjects process the discrete CS (tone) as the main predictor, attributing less predictive contextual cues to the "background." In contrast, in CFC, contextual cues are processed as valid predictors (context is in the "foreground"). The neural mechanisms mediating hippocampal involvement in fear conditioning seem to differ depending on whether the context is in the background or in the foreground (Calandreau et al., 2006; Trifilieff et al., 2006) . Lesions to the hippocampus interfere with background but not foreground CFC (Phillips and LeDoux, 1994) . Therefore, it is not surprising that the neuroplastic event under study here, namely PSA-NCAM, was not modulated by TFC and not required for the formation of TFC memories.
In summary, these data indicate that CFC promotes a specific upregulation of PSA-NCAM in the dorsal hippocampus, which is 
